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This paper presents a review of the current applica-
tions of Micro-Electro-Mechanical Systems (MEMS)
in the robotics and industrial applications. MEMS
are widely used as actuators or sensors in numer-
ous respects of our daily life as well as automa-
tion lines and industrial applications. Intersection of
founding new polymers and composites such as silicon
and micro manufacturing technologies performing
micro-machining and micro-assembly brings about re-
markable growth of application and efficacy of MEMS
devices. MEMS indicated huge improvement in size
reduction, higher reliability, multi-functionality, cus-
tomized design, and power usage. Demonstration of
various devices and technologies utilized in robotics
and industrial applications are illustrated in this ar-
ticle along with the use and the role of silicon in the
development of the sensors. Some future trends and
its perspectives are also discussed.
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1. Introduction

MEMS generally refer to electrical devices fabricated
in micrometer range and any moving parts inside are in
the range size of um. Construction of MEMS is fol-
lowed by advanced technologies like photo-lithography
process or such techniques which are used in IC (com-
puter chip) fabrication (CMOS, BICMOS, Bipolar) [1, 2].
In the matter of size, MEMS devices are about 100 tm
or 0.1 mm and components inside a device is generally
about 20 pum (0.02 mm). Foundation of new materi-
als and accessing fabrication in micro scale enables size
reduction of sensors and actuators with lower cost and
more precise sensing. Presently micromachining (called
as surface or bulk), RIE, LIGA and lithography are the
main techniques accessible for MEMS manufacturing and
fabrication [3]. Considering the micro size capabilities,
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MEMS is now compatible to be applied in bio-medical
applications, micro-electronics, aerospace, smart mate-
rials and etc. MEMS has become the most sought af-
ter and best substitution for traditional actuators and sen-
sors, given their low cost manufacturing, small size, high
response, low power consumption, customized applica-
tions and flexible geometry. In terms of sensor, similar
to the traditional types, they provide electrical indicator
aspects such as voltage, current, resistance or capacitance
to measure the desired sensing magnitude. The main dif-
ference is the size, repeatability, reliability and precision
of MEMS devices at the same time with the lower price.
Pressure, acceleration, optical, infrared or gyroscopes are
the primarily used MEMS technologies in the industry.
They are very popular in automotive industries, aerospace
and smartphones. When MEMS devices are used as actu-
ator, electrical actuation performs any kind of dynamic re-
action such as grip, pumps, position, manufacture, valves
and etc. [4]. As a sensor, the working principle stays
the same that the acting parameter results in elicitation
of electrical responses out of sensor for purposes of mea-
surement.

In the market, the total sensor market value reached
10 billion dollars in 2017 with the potential growth up to
21 billion dollars in 2022 only for automotive industries
mostly in terms of radar, lidar, self-driven cars, embedded
and optical sensors. As regards the medical and health in-
dustry implementing MEMS increasingly, the market size
is estimated to arrive at 50 billion dollars by 2021 [5-7].
Progressive innovations and technologies such as nano-
materials, nano-particles, nano-wires, nano-porous, silica
and many more lead to such highly targeted therapeutics,
wireless capsule drugs, mass screening, and early detec-
tion of possible diseases. It has been anticipated to rev-
olutionize medical diagnostics as regards visual inspec-
tion and propose drug delivery nano robots. A compar-
ison of semiconductor and MEMS actuators and sensors
market is presented in Fig. 1. Although all semiconduc-
tor devices not in the category of MEMS devices but the
size and growth of each device type is significant. The
highest request is on the RF and CIS (CMOS Image Sen-
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Fig. 1. Semiconductor and MEMS market value comparison for sensors and actuators [7].

sor) devices estimated to exceed 20 billion dollars in 2023
each [8].

2. MEMS Devices

Initial MEMS sensors were first recommended into the
market as accelerometer, gyroscope and pressure sen-
sors during 1970 and later as RF (radio frequency) in-
struments, micro-fluidic, micro pumps, and biomedical
equipment [9-11]. The technology of nanomechanical in-
struments transfigures measurements in micro scale trans-
positions or performance of micro weight forces, predom-
inantly at the molecular scale [12]. Micro mechanisms
located inside MEMS are measuring the required quan-
tity such as accelerometers with mechanisms of measur-
ing momentum or bending structure to identify acceler-
ation. MEMS accelerometers are tiny microstructures
inside an accelerator that can bend because of momen-
tum and gravity with precise accuracy. In the industry,
there are highly demands to implement and combine hard-
ware and software with the embedded systems to perform
specific applications. MEMS devices also help in this
application with custom made sensors or actuators with
the great potential of designing the performance from
scratch. It means that based on what user wants to per-
form, or the type of parameter user wants to read, var-
ious MEMS structures are available or could be fabri-
cated. A unique design is shown in Fig. 2 representing
a dual usage MEMS device that could be worked as ac-
tuator or sensor base on the application [a]. Nanotech-
nology helps in fabrication and delivery smaller, lighter
and compressed devices with the name of NENS (Nano-
Electro-Mechanical Systems) [13, 14]. MEMS devices
may come out of a single crystal structure which is named
bulk micro-machining [15,16]. If the base structure is
bulk silicon and used to fabricate on the surface, this type
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Fig. 2. Dual usage MEMS structure (can act as sensor and
actuator) [a].

of micromachining is called surface micromachining. In
the process of surface micromachining, the MEMS struc-
ture is formed based on thin poly-silicon layers that grown
on the surface of the single crystal silicon wafer [17].

3. Silicon Role

It is more than four decades of silicon utilization for
medical applications including in-vitro and in-vivo ap-
plications [18, 19]. Micro-fabrication innovations result
in different types and products of silicon with different
mechanical and electrical properties. Nano-technology
and advanced micro-assembly methods facilitated devel-
opment of more compact, custom design, cheaper, higher
performance devices with different applications [20, 21].
For biomedical applications, using silicon as insulator or
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Fig. 3. MEMS fabrication with surface micro-machining [b].

implantable sensors is the edge of technology [22-24].
These sensors were used for fully implantable cochlear
prosthesis and, brain sensing technology, comprised of an
embedded signal-processing circuit. Silicon traditionally
involved creating pathways for electricity within compo-
nents such as integrated circuits [25]. On the contrary, sil-
icon is transformed by MEMS into mechanically moving
parts. In the past decade, this process has become useful
in growing number of industries.

Silicon as one of the primary materials of microelec-
tronics plays unique role in expansion and elaboration of
MEMS and microstructures ability. In robotics applica-
tions, silicon is used in different areas such as soft ac-
tuators which they are available in different formations
and applications as stated in [23,26,27]. They are used
as grippers, soft actuators, end-effectors or in exoskele-
ton devices [27]. Smith (founder of semiconductors) first
used the silicon in 1954 notifying the greater piezoelec-
tric effect of this material rather than metal films and
strips [28]. With this discovery, silicon could then be
utilized not only for electronic devices but also for sen-
sors rather than detected mechanical strain. The silicon
material is very cheap with having such properties as
highly pure form, strong (approximately 80% as strong
as steel), compatible with microelectronics and has excel-
lent piezo-resistivity properties. Other combinations of
silicon, such as silicon nitride and silicon dioxide are also
used in MEMS devices to form insulation and structured
layers or optical windows [29-31]. If the formed layer is
thin, it could be composited by other technologies such as
sputtering, coating, evaporation, chemical deposition and
others. In some sensors or custom design, MEMS devices
that need 3D form structure, a single layer is not suitable.
To form the multi-layer pattern, more wafers need to be
bonded together with some innovative techniques such as
fusion bonding, anodic bonding, eutectic bonding, or ad-
hesive bonding [32, 33]. Some progress has been made re-
cently in detection of new materials in the MEMS fabrica-
tion such as polymers. They are very beneficial with easy
and fast process with many different choices with vary-
ing properties. For the micro-fabrication purpose, differ-
ent techniques of fabrication are running currently on sil-
icon material, and a schematic one is shown in Fig. 3.
These advance fabrication methods have low costs for
batch processing to deal with large quantities. In addition,
polymers are the alternative of silicon, because they are
considered better choice for rapid prototyping or small-
scale manufacturing. Mainly poly-methyl-meth-acrylate
(PMMA), and poly-di-methyl-siloxane (PDMS) are the
most applicable polymers in the process of MEMS [34].
Reports have also been made of using polyimide materi-
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Fig. 4. Tactile sensor schematic description [c].

als for MEMS sensors [34]. The PMMA material is avail-
able in solid form and thermal casting or molding is used
for patterning. Following the process of being molded,
proper structural properties that could be used in MEMS
devices are demonstrated [35].

With the advent of innovations in the field of 3D print-
ing, researchers have started to put emphasis on the devel-
opment of 3D printed silicon-based sensors for biomedi-
cal applications [36]. Fabrication of these sensors is quick
and capable of being customized in a wide range, robust
in nature and highly durable. One of the substantial is-
sues with these materials is their biocompatibility, espe-
cially as regards the sensors used for in-vivo applications.
The significance of these 3D sensors drives from their in-
tegration with other organic and metallic elements to form
sensing prototypes [37].

4. Robotic Applications

4.1. Tactile and Pressure Sensors

One of the most requested applications in the robotics
field is the pick and place and gripping mechanism to
move and transfer object remotely or autonomously. Tac-
tile sensors will be used for the precise conduction of this
process and sense the pressure made on object. The prin-
ciple of tactile pressure sensor is to measure the physical
force between object and sensor surface [38]. Pressure
and torque are examples of a prominent parameter that
is more often than not measured through physical touch.
Detection and measurement of a point contact force can
also be considered as a part of touch sensor for pressure
and torque. Tactile sensors could be considered as group
of touch sensors placed besides each other [39]. Imagine
piezo-resistive material sandwiched between two pieces
of flexible polyester each half of which has printed silver
conductors [40,41]. The final product with about 0.1 mm
thickness could be used as sensor for various applications
of industrial and medical robot. A schematic tactile sensor
assembly is shown in Fig. 4. SMA (Shape Memory Alloy)
is also used in actuation of micro-actuators to act as tactile
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sensor, whose mechanism is discussed in [42]. Because
of numerous human machine interfaces (e.g., wheelchair
seating systems, driver’s seats, hospital beds) and owing
to incongruence of human joint, the sensor should be in
a wide range of resolutions [43]. When force is applied
to the sensor, the sensor that is represented by a variable
resistor will be transformed and the possible current will
flow through the device. Afterwards, the analogue data
collected through the electronics are later on compensated
with appropriate calibration [44, c].

In MEMS pressure sensors, the main structure is a flex-
ible diaphragm possible to deform in the presence of a
pressure difference and convert this deformation to elec-
trical signal. The simplest structure of pressure sensors is
fabricated by bulk micromachining to create the silicon
membrane [5]. Around the diaphragm different piezo-
resistors are placed to detect such micro vibrations. The
whole assembly is bonded to a glass substrate and sealed
in the cavity. Any changes or deformation of diaphragm
leads to changes of piezo-resistors and their respective re-
sistance [45,46]. The output resistor changes transmis-
sion to voltage signal. This technology becomes more
reliable with advance technologies and reaches low-cost
production price that make it accessible. The piezo mate-
rials are sensitive to temperature and stabilizing temper-
ature should follow to get the more accurate results. Ca-
pacitive type pressure sensors are less sensitive to temper-
ature changes but the output signals are weaker. With dif-
ferent variations of pressure sensor available in the mar-
ket, capacitive pressure sensor is valid in robotics mostly.
The compression, extraction, and distance of initial plate
capacitor with the nodes are chiefly measured with such
sensors. Capacitive tactile pressure sensors are the most
sensitive techniques to measure small deflections or dis-
placements [47]. Pressure sensors have been developed
by researchers for many years thanks to such features of
having high spatial resolution, good frequency response,
low power consumption, and a large dynamic range [48].
In fact, application requirements primarily determine the
pressure sensor design and structure. Robotics, automo-
tive and medical industries are the main consumers of
pressure sensors [49-53]. A wide variety of materials
and technologies have been utilized for the pressure sen-
sor, causing performance versus cost trade-offs as is clear
from Fig. 5 with multi layers assembly. A variety of
choices for different applications are also arranged for the
electrical output signal [54].

4.2. Mass and Strain Gauges

In industrial applications, mass force is measured
through load cells used as strain gauge or weight sensor.
The type of strain gauge is the same as pressure with a dif-
ferent architecture. Load cell sensor might be equipped
with robotic arms, end-effectors, and grippers for detec-
tion and identification of compression force to control and
prevent disorders or damages done to the object (Fig. 6).
Given the variety of possible applications, load cells are
supposedly considered to be of high importance and pop-
ular [56]. Traditionally, load cell and mass gauges used
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Fig. 5. MEMS flexible force sensor details [c].

Strain
resistor

Fig. 6. Strain gauge principles [55].

steel or aluminium as part of sensing element to measure
deformation and total applied force. This metal part is
currently replaced by the silicon material that does not
have the creep and hysteresis issued like metals. Also
piezo-resistive materials are used in mass, strain and force
sensors as they have higher sensitivity and scaling with
lower noise. There also alternative methods beside strain
gauges like piezoelectric elements or variable capacitance
technology to measure loads. Given the applied force and
types of application, multiple form factors of load cells
are available to apply (single or multi axis). Identifying
force along two axes by using a capacitive MEMS device
to measure force is presented in [57]. Normally multi
axes sensors are used in devices to prevent any fault or
wrong sensing. A design and procedure of piezo-resistive
three-axis force sensor is described in [58]. Strain gages
are small patches of silicone or metal for the calculation
of mechanical strain and conversion of the load acting to
electrical signals. This load cell is considered an analogue
type tool utilized to measure weight. When a load is ap-
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plied to a stationary object, stress and strain parameters
are brought about as a result.

4.3. Accelerometer/Gyroscopes

Accelerometers identifying acceleration of an object
are mounted in a direction based on analogue and dig-
ital types [59]. They are used in robotics with differ-
ent areas such as encoders, motors, self-balancing robots,
underwater vehicles, airplanes, cameras and others [60].
A schematic assembly of an accelerometer is shown in
Fig. 7. The human range of measurement allows them
to be used in cutting-edge industries such as aerospace
and military (autonomous drones, air-defense, missile,
weapon, rocket deployment) [26,62,63]. So far, major
accelerometers types in the market are silicon capacitive,
piezo-resistive and thermal accelerometers. The highest
share in the market is the silicon capacitive sensors used
in automotive industries [64,65]. Although they were
used initially in luxury cars few years ago, but with the
aid of cost-effective technologies, mid and low price cars
steadily consider them currently. As MEMS is tough
working environment, shock resistance products were
also developed to measure the parameter of object that
is mounted. MEMS accelerometers are tiny microstruc-
tures inside an accelerator that could be bent because of
momentum and gravity. This displacement is then con-
verted to the electrical quantity. The forces that can cause
vibrations which are detected by the accelerometer can
be static, dynamic or gravitational. For gravitational, as
sensor measured gravity (or shown as G = —9.81 m/s?),
they are more sensitive to motion and can be triggered at
the slightest changes in gravitational pulls. As every ac-
celerometer is subject to gravity, by measuring this, the
robot can detect what angle it is as regards gravity [7].
In aeronautical applications, gyroscopes are one the vi-
tal components to detect and measure attitude, speed and
rotational rates. An integral part of all aeronautical con-
trol systems is used for the attitude and rotational rates
for navigation. For the military and security application,
gyroscopes are administrated in missile guidance, drones,
navigations, GPS tracking and smart munitions [66].

Industrial automation is the other criteria of implemen-
tation MEMS components which use benefits of them

Journal of Robotics and Mechatronics Vol.32 No.2, 2020

Application of Micro-Electro-Mechanical Systems (MEMS)

in terms of reliability, sensitivity, and cost-effective so-
Iutions. Remotely powered sensors, autonomous sen-
sors and miniaturized actuators and sensors empower the
robotics usage inside automation lines. Infrared sensors,
microphones, optical devices and RF communicators are
the other types of popular MEMS devices used in au-
tomotive, smartphone and robotic industries. Size con-
strained applications and low energy consumption make
these components ideal for remote access and wireless
monitoring [67-69]. Possibility of communication and in-
tegration between sensors makes a network interlink the
stations of automations lines with a cost-effective solu-
tion. Mass production and running non-stop lines use this
benefit to avoid involving human power and possible mis-
takes and failures in the process.

5. Future Trends

Application and technologies of MEMS devices in
robotics and biomedical reviewed in this paper show the
role and impression of MEMS in different fields of ap-
plication. Currently MEMS devices are enrolled in every
electrical component and industrial machine [46, 70]. Per-
formance, efficiency, being inexpensive, and low energy
use are the main interesting factors of selecting MEMS
devices. With new innovations in materials and fabrica-
tion, [oT (Internet of Things), and advanced technologies,
MEMS are expected to be more involved in our routine
life [71,72]. Fig. 8 shows trends and future estimation
of MEMS devices in actuators and sensors for year 2023
compared to the data in year 2017. The market value is
mostly using RF devices, inertial, pressure sensors, mi-
crophones, optical, infrared devices, oscillators. The pri-
mary target industry for these sensors are the automotive,
aerospace and smartphone industries. Estimation of RF
devices market in the near future (with IoT and 5G) proves
significant increasing to 15 billion dollars in 2023.

Now it is possible to design and fabricate a custom-
made mechanism acting as sensor or actuator with the
MEMS fabrication advanced technologies. Founding new
materials such as silicon and polymers helps in minia-
turization and size reduction of MEMS devices. Nano
technologies and nano fabrication enable more compli-
cated device and size reduction of MEMS and bring-in
of NENS. The future of MEMS devices with the IoT and
5G bandwidth would be more involvement in our routine
life.

References:

[1] E. L. Lawrence, 1. Fassola, S. Dayanidhi et al., “An evaluation
of clustering techniques to classify dexterous manipulation of in-
dividuals with and without dysfunction,” Proc. of the 6th Int.
IEEE/EMBS Conf. on Neural Engineering (NER ’13), pp. 1254-
1257, 2013.

[2] R.N.DeanJr. and A. Luque, “Applications of Microelectromechan-
ical Systems in Industrial Processes and Services,” IEEE Trans. on
Industrial Electronics, Vol.56, No.4, pp. 913-925, 2009.

[3] W. Bacher, W. Menz, and J. Mohr, “The LIGA technique and its
potential for microsystems — A survey,” IEEE Trans. Ind. Electron.,
Vol.42, No.5, pp. 431-441, 1995.

285



Faudzi, A. A. M., Sabzehmeidani, Y., and Suzumori, K.

(4]
(5]

(6]
(71
(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

286

= 2017 2023
-
g
5 O
& o
.
g 3 o B
- & -
l =
- [ |
PRESSUR MICROPHONES INERTIAL MICROFLUIDIC

MARKET SIZE (USSM) A

8
g

o

| -

INFRARED EMVIRONMENT RF OSCILLATORS

1,000
]
| 1

Fig. 8. MEMS sensors and actuators market value estimation [7].

R. C. Jaeger and T. N. Blalock, “Microelectronic Circuit Design,”
3rd Edition, McGraw-Hill, 2008.

J. Bryzek, “Emergence of a $Trillion MEMS Sensor Market,” Sen-
sor Con., 2012.

Yole Développement, “Status of the MEMS Industry,” 2003.
Yole Développement, “Status of the MEMS Industry,” 2018.

W. Xu, B. Lijin, M. Duan et al., “A Wireless Dual-mode Micro
Thermal Flow Sensor System With Extended Flow Range by Using
CMOS-MEMS Process,” IEEE Micro electro mechanical systems
(MEMS), pp. 824-827, 2018.

A. M. Almassri, W. Z. Wan Hasan, S. A. Ahmad et al., “Pres-
sure Sensor: State of the Art, Design, and Application for Robotic
Hand,” J. of Sensors, Vol.2015, Article ID 846487, 2015.

T. Han, S. Kundu et al., “3D Printed Sensors for Biomedical Appli-
cations: A Review,” J. Sensors, Vol.19, No.7, Article 1706, 2019.

G. Gabriel, I. Erill et al., “Manufacturing and full characterization
of silicon carbide-based multi-sensor micro-probes for biomedical
applications,” Microelectron. J., Vol.38, No.3, pp. 406-415, 2007.
N. Maluf, “An Introduction to Microelectromechanical Systems En-
gineering,” Artech House, 2000.

C. Li, J. Wang, and S.-C. Chen, “Flexure-based dynamic-tunable
five-axis nanopositioner for parallel nanomanufacturing,” Precis.
Eng., Vol.45, pp. 423-434, 2016.

Y. Yamanishi, S. Sakuma, and F. Arai, “Production and Application
of High-Accuracy Polymer-Based Magnetically Driven Microtool,”
J. Robot. Mechatron., Vol.20, No.2, pp. 273-279, 2008.

N. Afsarimanesh, S. C. Mukhopadhyay, and M. Kruger, “Planar
Interdigital Sensors and Electrochemical Impedance Spectroscopy,”
Electrochemical Biosensor: Point-of-Care for Early Detection of
Bone Loss, pp. 33-44, 2019.

M. P. Khorgade and A. Gaidhane, “Applications of MEMS in
Robotics and BioMEMS,” 2011 UKSim 13th Int. Conf. on Com-
puter Modelling and Simulation, pp. 522-527, 2011.

Z. Wang, S. Lee et al.,, “Nanowire-based sensors for biological
and medical applications,” IEEE Trans. NanoBiosci., Vol.15, No.3,
pp. 186-199, 2016.

P. A. Gary, “Modeling and Optimization of a Silicon Photosensor
for a Reading Aid,” Stanford Electronics Labs, Stanford University,
1967.

D. W. Hill, “Progress in medical instrumentation over the past fifty
years,” J. Phys. E Sci. Instrum., Vol.1, No.7, pp. 697-701, 1968.

N. Afsarimanesh, S. C. Mukhopadhyay, and M. Kruger, “Molecu-
larly imprinted polymer-based electrochemical biosensor for bone
loss detection,” IEEE Trans. Biomed. Eng., Vol.65, No.6, pp. 1264-
1271, 2018.

A.Nag, A. I Ziaetal., “Novel Sensing Approach for LPG Leakage
Detection: Part I — Operating Mechanism and Preliminary Results,”
IEEE Sens. J., Vol.16, No.4, pp. 996-1003, 2016.

D. Young and P. Cong, “Wireless Implantable Sensors: From Lab
to Technology Breakthrough Ambitions,” Sens. Actuators A Phys.,
Vol.294, pp. 81-90, 2019.

K. Suzumori, H. Furusawa et al., “2A1-N-085 Development of a
Micro Linear Pump: Ist report: Design, Prototype and Characteris-
tics Evaluation (MEMS and Nano-technology 1, Mega-Integration
in Robotics and Mechatronics to Assist Our Daily Lives),” Proc.
of JSME Annual Conf. on Robotics and Mechatronics (Robomec),
2005.

G. Ciuti, L. Ricotti et al., “MEMS sensor technologies for human
centred applications in healthcare, physical activities, safety and en-
vironmental sensing: A review on research activities in Italy,” Sen-
sors, Vol.15, No.3, pp. 6441-6468, 2015.

[25] A. C. R. Grayson, R. S, Shawgo et al., “A BioMEMS review:
MEMS technology for physiologically integrated devices,” Proc.
IEEE 2004, Vol.92, No.1, pp. 6-21, 2004.

[26] K. Suzumori, T. Kanda, T. Hashimoto, and J. Ochi, “Active Mouse
for Physical Man-Machine Interaction,” Proc. of the 11th National
Conf. on Machines and Mechanisms (NaCoMM-2003), pp. 297-
303, 2003.

[27] S. Yoshioka, A. Nagano, D. C. Hay et al., “New Method of Evaluat-
ing Muscular Strength of Lower Limb Using MEMS Acceleration
and Gyro Sensors,” J. Robot. Mechatron., Vol.25, No.1, pp. 153-
161,2013.

[28] S. Middelhoek and S. A. Audet, “Silicon Sensors,” London Aca-
demic Press, 1989.

[29] D. Hirooka, T. Yamaguchi, N. Furushiro, K. Suzumori, and T.
Kanda, “Highly responsive and stable flow control valve using a
PZT transducer,” 2016 IEEE Int. Ultrasonics Symp. (IUS), pp. 1-3,
2016.

[30] T. Kobayashi, N. Makimoto et al., “Linear actuation piezoelectric
microcantilever using tetragonal composition PZT thin films,” IEEE
26th Int. Conf. on Micro Electro Mechanical Systems (MEMS),
pp. 413-416, 2013.

[317] W.R. Ali and M. Prasad, “Piezoelectric MEMS based acoustic sen-
sors: A review,” Sensors and Actuators A: Physical, Vol.301, 2020.

[32] W. H. Ko, J. T. Suminto, and G.-J. Yeh, “Bonding techniques for
microsensors,” C. D. Fung, P. W. Cheung, W. H. Ko, and D. G.
Fleming (Eds.), “Micromachining and Micropackaging for Trans-
ducers,” Elsevier, pp. 41-61, 1985.

[33] T. Okuda and S. Kidoaki, “Development of Time-Programmed,
Dual-Release System Using Multilayered Fiber Mesh Sheet by
Sequential Electrospinning,” J. Robot. Mechatron., Vol.22, No.5,
pp- 579-586, 2010.

[34] A.B. Frazier, “Recent applications of polyimide to micromachining
technology,” IEEE Trans. Ind. Electron., Vol.42, No.5, pp. 442-448,
1995.

[35] H. Huang and C. Fu, “Different fabrication methods of out-of-plane
polymer hollow needle arrays and their variations,” J. Micromech.
Microeng., Vol.17, No.2, pp. 393-402, 2007.

[36] T.Rehman, A. A. M. Faudzi, D. E. O. Dewi et al., “Design, charac-
terization, and manufacturing of circular bellows pneumatic soft ac-
tuator,” Int. J. Adv. Manuf. Technol., Vol.93, pp. 4295-4304, 2017.

[37] B.Xiong, L. Che, and Y. Wang, “A novel bulk micromachined gyro-
scope with slots structure working at atmosphere,” Sens. Actuators
A, Phys., Vol.107, No.2, pp. 137-145, 2003.

[38] M. H. Lee and H. R. Nicholls, “Review Article Tactile sensing for
mechatronics — a state of the art survey,” Mechatronics, Vol.9, No.1,
pp. 1-31, 1999.

[39] P.S. Girao, P. M. P. Ramos, O. Postolache, and J. M. D. Pereira,
“Tactile sensors for robotic applications,” Measurement, Vol.46,
No.3, pp. 1257-1271, 2013.

[40] N. Manikandan, S. Muruganand et al., “Design and fabrication of
MEMS based intracranial pressure sensor for neurons study,” Vac-
uum, Vol.163, pp. 204-209, 2019.

[41] F. Ceyssens, S. Sadeghpour et al., “Actuators: Accomplishments,
opportunities and challenges,” Sensors and Actuators A: Physical,
Vol.295, pp. 604-611, 2019.

[42] A. Abuzaiter, M. Nafea, A. A. M. Faudzi et al., “Thermomechanical
behavior of bulk NiTi Shape-Memory-Alloy Microactuators based
on Bimorph Actuation,” Microsystem Technologies, Vol.22, No.8,
pp- 2125-2131, 2016.

Journal of Robotics and Mechatronics Vol.32 No.2, 2020



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

X. Wu, S. Rakheja, and P.-E. Boileau, “Distribution of human—seat
interface pressure on a soft automotive seat under vertical vibra-
tion,” Int. J. of Industrial Ergonomics, Vol.24, No.5, pp. 545-557,
1999.

T. Tanaka, T. Takahashi, M. Suzuki, and Aoyagi, “Development of
Minimally Invasive Microneedle Made of Tungsten — Sharpening
Through Electrochemical Etching and Hole Processing for Drawing
up Liquid Using Excimer Laser —,” J. Robot. Mechatron., Vol.25,
No.4, pp. 755-761, 2013.

T. M. van Beek et al., “A piezo-resistive resonant MEMS amplifier,”
Int. Electron Devices Meet. IEDM), pp. 1-4, 2008.

N. A. Djuzhev, D. V. Novikov, G. D. Demin et al., “An experimen-
tal study on MEMS-based gas flow sensor for wide range flow mea-
surements,” 2018 IEEE Sensors Applications Symp. (SAS), pp. 1-4,
2018.

Y. Ting, J.-S. Huang, J.-L. Huang, and C.-M. Yang, “Effect of po-
larized electric field on piezoelectric cylinder vibratory gyroscope,”
Sens. Actuators A, Phys., Vol.128, No.2, pp. 248-256, 2006.

V. Maheshwari and R. Saraf, “Tactile devices to sense touch on a
par with a human finger,” Angewandte Chemie Int. Edition, Vol.47,
No.41, pp. 7808-7826, 2008.

S. Igbal, R. I. Shakoor et al., “Performance analysis of micro-
electromechanical system based displacement amplification mech-
anism,” Iran. J. Sci. Technol. Trans. Mech. Eng., Vol.43, No.3,
pp. 507-528, 2019.

S. Igbal and A. Malik, “A review on MEMS based micro displace-
ment amplification mechanisms,” Sensors and Actuators A: Physi-
cal, Vol.300, Article 111666, 2019.

J. P. Giannini, A. G. York, and H. Shroff, “Anticipating, measuring,
and minimizing MEMS mirror scan error to improve laser scan-
ning microscopy’s speed and accuracy,” PLoS One, Vol.12, No.10,
e0185849, 2017.

E. S. Leland, P. K. Wright, and R. M. White, “A MEMS AC current
sensor for residential and commercial electricity end-use monitor-
ing,” J. Micromech. Microeng., Vol.19, No.9, 094018, 2019.

Y. Li, Q. Li, B. Zhang et al., “The effect of closed-loop optimization
enhances the MEMS lidar for rapid scanning,” Optik, 2019.

Y. Zhang, B. K. Chen, X. Liu, and Y. Sun, “Autonomous robotic
pick-and-place of microobjects,” IEEE Trans. on Robotics, Vol.26,
No.1, pp. 200-207, 2010.

J. I. Bae, T. H. An, Y. S. Kim, and C. K. Ryu, “Analysis of
digital load cell using 2.4GHz band’s Zig-Bee,” Proc. of the 3rd
IEEE Conf. on Industrial Electronics and Applications (ICIEA ’08),
pp. 1358-1361, 2008.

1. Muller, R. M. de Brito, C. E. Pereira, and V. Brusamarello, “Load
cells in force sensing analysis — theory and a novel application,”
IEEE Instrumentation and Measurement Magazine, Vol.13, No.1,
pp. 15-19, 2010.

Y. Sun, B. J. Nelson, D. P. Potasek, and E. Enikov, “A bulk micro-
fabricated multi-axis capacitive cellular force sensor using trans-
verse comb drives,” J. of Micromechanics and Microengineering,
Vol.12, No.6, pp. 832-840, 2002.

J. Brugger, M. Despont, C. Rossel, H. Rothuizen, P. Vettiger, and
M. Willemin, “Microfabricated ultrasensitive piezoresistive can-
tilevers for torque magnetometry,” Sensors and Actuators A: Physi-
cal, Vol.73, No.3, pp. 235-242, 1999.

S. S. Sastry, M. Cohn, and F. Tendick, “Milli-robotics for remote,
minimally invasive surgery,” Robotics and Autonomous Systems,
Vol.21, Issue 3, pp. 305-316, 1997.

J. Tannacci, “RF-MEMS for high-performance and widely reconfig-
urable passive components — A review with focus on future telecom-
munications, Internet of Things (IoT) and 5G applications,” J. of
King Saud University — Science, Vol.29, Issue 4, pp. 436-443, 2007.

M. H. Hristov, K. T. Toshev et al., “Design and simulation of ac-
celerometer springs,” Annual J. Electronics, pp. 49-54, 2008.

K. N. Bhat and M. M. Nayak, “MEMS Pressure Sensors — An
Overview of Challenges in Technology and Packaging,” Institute of
Smart Structures and Systems (ISSS) J. ISSS, Vol.2 No.1, pp. 39-
71,2013.

J. Eloy and E. Mounier, “Status of the MEMS industry,” Sensors &
Transducers, Vol.26, No.10, pp. 11-17, 2005.

K. K. Mistry and A. Mahapatra, “Design and simulation of a thermo
transfer type MEMS based micro flow sensor for arterial blood
flow measurement,” Microsyst. Technol., Vol.18, No.6, pp. 683-
692, 2012.

M. Preeti, K. Guha, K. L. Baishnab et al., “Low frequency MEMS
accelerometers in health monitoring — A review based on mate-
rial and design aspects,” Materials Today: Proc., Vol.18, Part 6,
pp. 2152-2157, 2019.

A. Ya’akobovitz and S. Krylov, “Toward sensitivity enhancement

of MEMS accelerometers using mechanical amplification mecha-
nism,” IEEE Sens. J., Vol.10, No.8, pp. 1311-1319, 2010.

Journal of Robotics and Mechatronics Vol.32 No.2, 2020

Application of Micro-Electro-Mechanical Systems (MEMS)

[67] M. A. C. Silva, D. C. Guerrieri et al., “A review of MEMS mi-
cropropulsion technologies for CubeSats and PocketQubes,” Acta
Astronautica, Vol.143, pp. 234-243, 2018.

[68] O.Z.Olszewski, R. Houlihan et al., “A MEMS silicon-based piezo-
electric AC current sensor,” Proc. Eng., Vol.87, pp. 1457-1460,
2014.

[69] Y. H. Bai, J. T. W. Yeow, and B. C. Wilson, “Design, fabrica-
tion, and characteristics of a MEMS micromirror with sidewall
electrodes,” J. Microelectromech. Syst., Vol.19, No.3, pp. 619-631,
2010.

[70] H. Kawaoka, T. Yamada, M. Matsushima et al., “Detection of ki-
netic heartbeat signals from airflow at mouth by catheter flow sen-
sor with temperature compensation,” 2016 IEEE 29th Int. Conf. on
Micro Electro Mechanical Systems (MEMS), pp. 359-362, 2016.

[71] E. S. Leland, C. T. Sherman, P. Minor, R. M. White, and P. K.
Wright, “A new MEMS sensor for AC electric current,” Sensors
IEEE, pp. 1177-1182, 2010.

[72] S. Dong, S. Duan, Q. Yang et al., “MEMS-based smart gas me-
tering for internet of things,” IEEE Internet Things J., Vol.4, No.5,
pp- 1296-1303, 2017.

Supporting Online Materials:

[a] What is MEMS Technology?
https://www.memsnet.org/mems/what_is.html [Accessed September
21,2019]

[b] Fabricating MEMS and Nanotechnology.
https://www.mems-exchange.org/MEMS/fabrication.html [Accessed
September 21, 2019]

[c] Tekscan, “FlexiForce Force Sensors.”
https://www.tekscan.com/store/category/force-sensors-flexiforce
[Accessed September 21, 2019]

Name:
Ahmad Athif Mohd Faudzi
! Affiliation:
- Associate Professor, Centre for Artificial In-

] telligence and Robotics (CAIRO), Universiti
; Teknologi Malaysia
dyh
Address:
Jalan Sultan Yahya Petra, Kampung Datuk Keramat, Kuala Lumpur 54100,
Malaysia
Brief Biographical History:
2004 Received B.Eng. in Computer Engineering from Universiti
Teknologi Malaysia
2006 Received M.Eng. in Mechatronics and Automatic Control from
Universiti Teknologi Malaysia
2010 Received Dr.Eng. in System Integration from Okayama University
2015-2017 Visiting Research Fellow, Tokyo Institute of Technology
2019- Director, Centre for Artificial Intelligence and Robotics (CAIRO),
Universiti Teknologi Malaysia
Main Works:
e Pneumatic actuators, soft mechanism actuators, hydraulic actuators,
automation and control in industrial robots, biomedical applications and
bio-robotics
Membership in Academic Societies:
o The Institute of Electrical and Electronics Engineers (IEEE)
o Board of Engineers Malaysia (BEM)
o The Institution of Engineers, Malaysia (IEM)
o The Institute of Electrical and Electronics Engineers (IEEE) Robotics
and Automation Society (RAS)

287



Faudzi, A. A. M., Sabzehmeidani, Y., and Suzumori, K.

Name:
Yaser Sabzehmeidani

Affiliation:

Senior Researcher, Centre for Artificial In-
telligence and Robotics (CAIRO), Universiti
Teknologi Malaysia

Address:

Jalan Sultan Yahya Petra, Kampung Datuk Keramat, Kuala Lumpur 54100,
Malaysia

Brief Biographical History:

2006 Received B.Sc. in Mechanical Engineering from University of
Mazandaran

2008 Received M.Sc. in Mechanical Engineering from University of
Mazandaran

2013 Received Ph.D. in Mechanical-Mechatronics from Universiti
Teknologi Malaysia (UTM)

Main Works:

e In-pipe application robots, intelligent control, CAD/CAM, mechatronics,
and manufacturing

Name:
Koichi Suzumori

Affiliation:
Professor, Tokyo Institute of Technology

Address:

2-12-1 Ookayama, Meguro-ku, Tokyo 152-8552, Japan

Brief Biographical History:

1984-2001 Research Scientist, R&D Center, Toshiba Corporation
2001-2014 Professor, Okayama University

2014- Professor, Tokyo Institute of Technology

Main Works:

o Flexible microactuator, soft robot, micro robot, electro static actuator,
artificial muscle, Giacometti robot, bio-mimetic robot, IPMC actuator
Membership in Academic Societies:

o The Japan Society of Mechanical Engineers (JSME)

e The Robotics Society of Japan (RSJ)

o The Institute of Electrical and Electronics Engineers (IEEE)

288 Journal of Robotics and Mechatronics Vol.32 No.2, 2020



